Objectives Differentiation of ancient tissues is of key importance in the study of paleopathology and in the evolution of human diseases. Currently, the number of imaging facilities for the non-destructive discrimination of dehydrated tissue is limited, and little is known about the role that emerging imaging technologies may play in this field. Therefore, this study investigated the feasibility and quality of dual-energy computed tomography (DECT) for the discrimination of dry and brittle soft tissue. Moreover, this study explored the relationship between morphological changes and image contrast in ancient tissue by using X-ray micro-tomography (micro-CT). Materials and Methods An Egyptian mummy head and neck was scanned with DECT at tube voltage/current of 140 kVp/27 mAs (tube A) and 100 kVp/120 mAs (tube B). The CT attenuation was determined by regions of interest (ROI) measurements of hard and soft tissue of the mummy skull. Finally, two samples from the posterior neck were dissected to acquire micro-CT images of shrunken dehydrated tissue.
Introduction
Mummification has a long history in many cultures around the world, with preservation considered to be essential for the survival of the deceased in the afterlife [1] . Despite the advancements in imaging methods, the diagnostic imaging of mummified remains is still a logistical and technological challenge for the paleopathologist. The material properties of the dehydrated tissue have changed significantly in comparison to normal tissue, particularly with regard to density and homogeneity. Taking this into account, the radiological differentiation and interpretation of compact and morphologically changed tissue layers requires highly skilled researchers. In the past, CT has been successfully used for the non-invasive imaging of mummified corpses [2] . Computed tomography (CT) of mummies began in 1977 [3] ; in that report Lewin and Harwood Nash investigated the internal structure of mummified tissue, because some human diseases can be discovered in preserved ancient soft tissues rather than from ancient skeletal tissue [4] .
Due to the fact that conventional single-source CT suffers from low soft tissue differentiation in paleoradiology, there is an increased interest in novel imaging techniques such as dual-energy computed tomography (DECT). The use of DECT imaging may foster the identification of paleopathological features or alterations.
In clinical practice, material discrimination using DECT is successfully applied for the differentiation of organic and inorganic materials, e.g. urinary stones [5] . Dual-source CT is routinely used in the clinical environment for abdominal imaging [6] and has been successfully introduced into the CT angiography of abdominal aortic aneurysms. In general, DECT offers more specific tissue characterisation than CT and could improve the assessment of diseases for paleopathological investigations [7] .
Since the early 1980s, micro-CT has become a powerful research method that is ideally suited to complementing the existing capabilities of histology as discussed in [8] . In paleoradiology, micro-CT imaging is extremely helpful in studying the morphological alterations of ancient tissue and in assessing quality aspects of X-ray absorption-based imaging.
The aim of this study was to assess the spatial tissue discrimination in ancient remains using the Hounsfield values of DECT imaging. Micro-CT imaging was performed to explore the correlation between morphological changes and image contrast of mummified tissue.
Materials and methods

Subject description and sample preparation
An isolated head and neck of an Egyptian mummy (dated approximately 1000 B.C. from the former collection of the Musée d'Orbe in Switzerland) was used for this study. The subject (Fig. 1) is wrapped in 12 layers of thin gauze-like linen. For detailed tomographic examination using the X-ray micro-CT we dissected two samples (sample 1, sample 2) to investigate the deep neck muscles, see the marked region in Fig.1a .
Dual-energy CT imaging
Dual-energy CT studies of the mummy head were performed at the University Hospital in Zurich. Scans from the wrapped mummified head were made using dual-source CT in dual-energy mode (SOMATOM Definition Dual Source, CT_SOM5 SPI DUAL; Siemens, Germany). The head was laid in the supine position and the energy of the two X-ray tube voltages was varied independently within the range 80 kVp and 140 kVp. All images were collected in a sequential scanning mode (using a single source). Higher energies were used to reduce noise in the images. Images were reconstructed with an overlapping slice thickness of 0.6 mm (increment 0.4 mm) and a matrix size of 512×512.
The pixel spacing of the detector was 0.42 mm. The HU values of the mummy head were assessed on a PC workstation (Intel® Core™2 Quad Processor 2.4 GHz, 8 GB RAM, NVIDIA® Quadro FX3800, Microsoft Windows 7 Professional: 64-bit edition) using freely available software from Image Information Systems Ltd, Germany (IQ-View PRO V1.0.8 V1.1.04.) Micro-CT imaging Two tissue samples (samples 1 and 2) from the neck region were taken to acquire images by using a highresolution desktop cone-beam scanner (SkyScan 1174; SkyScan, Kontich, Belgium). Micro-CT images were acquired at the Paul Scherrer Institute in Villigen, Switzerland. The device was equipped with an X-ray CCD camera, a cooled 1,024×1,024-pixel 12-bit detector with a nominal spatial resolution of 27 μm. The size of the samples was about 6 mm in diameter with a length of about 20 mm. All samples were mounted on a turntable stage that rotates the specimen in small increments up to a total rotation of 180°.
The volumetric reconstruction of the raw data was performed using Nrecon software (SkyScan). The reconstruction algorithm allows corrections of beam-hardening and ring artefacts. The data sets for each sample were analysed using SkyScan CT analyser software.
Tissue classification
In order to classify the findings, we divided the tissue discrimination into three main groups according to tissue density and the size of samples, such as cortical bone, trabecular bone and embalming material (group 1), tongue and philtrum representing soft tissue layers with small attenuation differences (group 2) and micro-anatomical tissue discrimination of neck muscles such as sample 1 and sample 2 (group 3).
A comparative analysis was made between the groups (1 and 2) using DECT imaging and the Mann-Whitney significance test. Group 3 was evaluated using micro-CT imaging. Density measurements in Hounsfield units [HU] from DECT imaging were taken from regions of interest (ROI), for instance, the tongue, philtrum, trabecular bone, cortical bone and embalming substance.
Statistical analysis
The non-parametric Kruskal-Wallis test was performed to compare the mean CT attenuation differences between the groups tongue, linen, philtrum, embalming material, trabecular bone and cortical bone, which were measured at 80 kVp and 140 kVp. The post-hoc Mann-Whitney test was required after we completed the Kruskal-Wallis test in order to determine which groups differ from each other. For the statistical significance test, we used the differences in Hounsfield units (i.e. ΔHU=HU 80kV −HU 140kV ); such as tongue (ΔHU T ), linen (ΔHU L ), philtrum (ΔHU P ), embalming material (ΔHU EM ), trabecular bone (ΔHU TB ) and cortical bone (ΔHU CB ).
The p values were corrected using the Bonferroni method for 15 group comparisons (Table 1) according to the binomial equation {n! / ( k! (n−k)! )}=15, with n=6 for six tissue types and k=2.
According to Bonferroni, a significance level p<0.01/15 or p<0.0007 was considered statistically significant. Data are presented as mean ± standard deviation (SD) or median ± percentile. The statistical analysis was conducted using R software for Linux (R version 2.9.2; the R Foundation for Statistical Computing).
Results
Hard tissue differentiation by DECT using a single energy By using single-energy scans, rough structures with large HU differences such as cortical, trabecular and parietal bone can be well distinguished.
The parietal bone in Fig. 2 showed a higher X-ray attenuation with a mean HU value of 630 (minimum 391, maximum 1026) around the region of embalming material and lambdoidal suture in comparison to the region of the sagittal suture with a mean HU value of −197 HU (minimum −412, maximum 305).
Hard and soft tissue differentiation Figure 3 depicts the coronal CT showing an excellent state of preservation of the eyes and tongue. Also apparent is the loss of volume of these organs due to the dehydration process by mummification. The volumetric image in Fig. 3 qualitatively demonstrates the hard and soft tissue differentiation by using a single energy. Rough structures can be well distinguished from the background.
Tissue differentiation using Hounsfield units and dual energy
Two different energies of DECT allow a clear differentiation of tissues, which possess small differences in HU values with a single energy, such as the tongue, the philtrum and the embalming material (compare Table 2 , 80/140 kVp). We found an overlap of HU values in the measurements for the embalming material, tongue, philtrum, similar to that depicted in Motley et al. [9] .
The attenuation values at different tube voltages, for a minimum of 20 ROIs, are summarized in Table 2 . The wrapped linen was not strongly attenuating the X-rays, which is demonstrated by the low HU values in Table 2 [10]. The smaller tube voltage of 80 kVp led to an increase in the attenuation and larger HU differences. Figure 4 illustrates the mean HU values of mummified remains for the groups such as the linen, philtrum, tongue and embalming material. The mean CT interval between the groups was about 100 HU and was calculated by using the formula: ΔHU mean ¼ HU 80kV À HU 140kV .
In 12 out of 15 cases, the attenuation differences among the six groups L, P, TB, EM, T and CB were, according to the 15 paired post-hoc tests, statistically significant (p<0.0007). No significant difference (p>0.0007) was noted between the CT values for {T, CB} {T, TB} and {EM, TB}, because of the higher measurement uncertainties of the tissue groups CB and TB. Four tissue groups with significant attenuation differences were depicted in Fig. 5 .
As expected, hard and soft tissue differentiation (group 1) of the mummy head was excellent for the imaging of ancient tissue by DECT. Soft tissue discrimination between the tongue and philtrum (group 2) was good for both imaging methods. However, the tissue discrimination was limited by overlapping and ambiguous HU values (Fig. 5) . Clearly, the tissue 
Micro-CT assessment of ancient tissue
The mummification process leads to various physical alterations within the tissues, which were studied using micro-CT. As shown in Fig. 6 , the texture analysis of the specific tissue architecture could not be performed. The 6 Micro-CT of the neck, sample 1 from the Egyptian mummy head. The numbers 1 to 8 on the white line (length 7.3 mm) depict higher density differences. The imaging dimension was 1,024×1,024, with a pixel size of 27 μm. The X-ray source voltage was 50 kV at 503 μA Fig. 5 Boxplot of median CT attenuation. The tissue can be differentiated by applying different X-ray spectra and analysing the differences in attenuation (HU 80kV -HU 140kV ) as demonstrated in Johnson et al. [7] . The boxplot shows the differentiation of ancient tissue and organic materials such as linen (L), philtrum (P), embalming material (EM) and tongue (T). The upper margin of the box represents the 75th percentile; the lower margin represents the 25th percentile. The middle line of the box shows the median. The vertical lines with whiskers extending below and above the boxes indicate the minimal and maximal values. Open circles depict outliers Fig. 4 The diagram demonstrates the tissue-specific attenuation scanned with dual-energy CT at 80 kVp and 140 kVp tube voltage. Data points reflect the mean and standard deviation (vertical and horizontal lines) of four different measurements. The capital letters represent HU values measured on the mummy head, i.e. L linen, P philtrum, T tongue, EM embalming material Fig. 7 Greyscale intensity line profile of sample 1 (numbers 1 to 8) showing the spatial compartments of the neck tissue (see also Fig. 6) demonstrates the higher X-ray absorption of remaining tissue.
The ring artefacts in Fig. 8 were caused by imperfect detector elements and could not be removed from the micro-CT image despite the correction algorithms implemented by the reconstruction tool. The embalming substances observed were visible as areas of white density on the micro-CT.
The presence of cracks and the embalming substance of ancient tissue is illustrated in Fig. 9 . Moreover, sample 2 showed greater X-ray attenuation near the embalming material. The deep neck muscles under the trapezius could not be identified, e.g. the semispinalis capitis, the splenius capitis and the splenius cervicis.
The small FOV of micro-CT was a limitation in the macro-anatomical analysis. On the other hand, the tissue separation in group 3 was successfully carried out using the greyscale intensity line profile (Figs. 7, 9 ).
Discussion
Dual-energy CT imaging
Computed tomography imaging using a single energy has its limitation in the separation of smaller HU values (e.g. soft tissue).
We found that HU-based DECT imaging with the use of two different energies has the potential to differentiate organic materials, such as linen, the philtrum, embalming material and the tongue.
The significant attenuation difference between the tissue groups {T, EM} compared with their fully overlapped position in Fig. 4 , revealed the value of DECT in the differentiation of organic materials with similar X-ray attenuation. On the other hand, Table 2 demonstrated that tissue separation (e.g. T, EM and P at 140 kVp) is barely possible using a single energy.
The non-significant difference in the mean intensity of the classes {T, CB}, {T, TB} and {EM, TB} was influenced by measurements of heterogeneous bone tissue (Fig. 2) . Smaller tissue layers such as deep neck muscles could not be differentiated due to insufficient spatial resolution of DECT as well as by the heterogeneity of dehydrated tissue and the fact that these tissues contain atoms with small atomic numbers, which at different energy levels show similar X-ray attenuation [11] . Two X-ray sources allow material differentiation relative to attenuation differences, which is especially effective for tissues with high atomic numbers, e.g. bone or calcified tissue.
Finally, the high temporal resolution of DECT as well as the lower radiation dose in comparison to conventional CT was not assessed in this study.
Micro-CT imaging
Micro-CT imaging with a field of view smaller than 20 mm is an invasive method in the archaeological context. A closer examination revealed that micro-CT with micrometer resolution has the potential to discriminate muscle tissue from inorganic material. However, greater spatial resolution and contrast is desirable to identify the content of individual Note that the image was contrast-enhanced by histogram equalisation using ImageJ software (NIH, USA). The imaging dimension is 1,024×1,024, with a pixel size of 27 μm. The length of the solid line over the sample was about 11.3 mm. The X-ray source voltage was 50 kV at 503 μA tissue layers. Finally, micro-CT demonstrated the influence of the mummification process on the image quality of X-ray-based imaging, e.g. micro-cracks.
Quality aspects
In general, the dehydration process of tissue leads to more dense packing of collagen fibres and organelles in tissue [12] .
Contrary to our findings, Johnson et al. [7] demonstrated with DECT imaging the successful differentiation of collagen in normal tissue. Nevertheless, we have to take into account the fact that ancient tissue is a shrunken, dry and brittle material with numerous air pockets and cracks inside the tissue. Therefore, the higher absorption differences in tissue as well as micro-cracks inside the material increase scattering during X-ray imaging. These physical alterations deteriorate the quality of the images significantly. On the other hand, DECT belongs to the fastest growing imaging technologies in this field, which further increases the future value of such imaging methods in paleoradiology.
This study was limited to a single mummy head. Further research is ongoing with imaging systems that overcome the aforementioned limitations through higher photon densities delivered from synchrotron sources.
Conclusion
Dual-energy CT imaging should be considered particularly for tissue discrimination with thick tissue layers such as bone, calcified tissue and embalming substance. The advantage of DECT over CT was observed in the study of mummified tissue. However, the improved temporal resolution and the improved diagnostic soft-tissue image quality of DECT was not a benefit in the context of ancient tissue discrimination [13] . Micro-CT with higher spatial resolution was able to identify microscopic anatomical changes in ancient tissue following the mummification process.
